In this study, dynamic characteristics of the small base isolation system using new friction bearings are investigated by excitation experiment, and compared to other one using previous bearings. Peak amplitude of the acceleration response waves on the small base isolation system is decreased to about 10%-25% compared to the input waves. Also root mean square amplitude is decreased to about 10%-40%. In case of the ball embedded a cylindrical sponge, the new bearing, the damping ratio increases with increasing width of the cylindrical sponge. The natural frequency does not change. On the other hand, in case of the marble plate that is previous bearing, the damping ratio increases with increasing curvature radius of the marble plate, the natural frequency also increases. Therefore, the small base isolation system using new friction bearing provides better performance. The responses of the base isolation system indicate nonlinier effects by friction force.
Introduction


In order to prevent serious damage of building structures by seismic ground motion, it is important to reinforce structures. So, existing buildings that do not meet earthquake resistance standards are being retrofitted in conformity with the modern seismic codes. Generally, seismic retrofitting uses a technique of reinforcing by shear trusses etc. [1] . However, it just only withstands vibration by seismic ground motion, cannot decrease vibration inside buildings. Therefore, instability equipment such as computer severs and works of art installed inside buildings will turn over during a big earthquake. So some small base isolation systems that can easily be installed inside buildings are developed for them [2] . For example, roller type using liner rail isolation device [3] and friction pendulum isolation device with poly-curvature rail [4, 5] are used. However, mechanisms of them are complicated, it is not easy to install.
We have developed a simple device using friction force to reduce seismic response [6] . And dynamic characteristics of this system were investigated by excitation experiment using artificial seismic waves [7] . In case of the small base isolation system using steel ball type friction bearings, the reduction of seismic response is expected when the input wave does not include the component of natural frequency of on this system. Otherwise, a big amplification by resonance occurs. To prevent amplification, a combination of the ball type friction bearings and the marble plate type friction bearings that generates high damping, was used on this system. However, the upper plate on this system indicates unstable motion because of friction force with eccentricity. Therefore, it needs to use same type friction bearing on this system. So we propose a new friction bearing that consists of a ball embedded a cylindrical sponge.
In this study, dynamic characteristics of the small base isolation system using new friction bearings are investigated by excitation experiment, and are compared with the small base isolation system using previous bearings.
Friction Bearings
A friction bearing is shown in Fig. 1 . It consists of two plates having a ball or/and a marble plate. The spherical concaves plate, the ball and the marble plate are made of acryl. Size of the plate is 200 mm × 200 mm. Also, radius of concave is 450 mm. The ball or the marble plate slides between two plates, and vibration of the shaking table is transmitted to the upper plate via them. Since restoring force is generated when the ball or the marble plate bearing uplifts, two plates return to original position.
In this study, a new friction bearing that consists of a ball embedded a cylindrical sponge is prepared (Fig. 2) . The cylindrical sponge is made of poly chloroprene.
The small base isolation system composed of friction bearings is shown in Fig. 3 . This device is placed at each corner. Combination of friction bearings on this experiment is shown in Table 1 .
Restoring Force Characteristics and Friction Coefficients
To understand restring force characteristics of this system, static load test is done. Examples of restring force characteristics are shown in Fig. 4 . And static 4 Ball + rubber ring L = 3 mm friction coefficients calculated from restring force characteristics are shown in Table 2 .
Since the tumbling motion acts in a dominant fashion in Case 1, the static friction coefficient could not measured. The increasing rate of the restoring 
Excitation Experiments
To understand dynamic characteristics of the small base isolation system, excitation experiments of this system are done using artificial seismic waves. This system that installed a weight with 9 kg is put on the shaking table. Acceleration sensors (Kyowa AS-2GA) are installed on the shaking table and on this system. Signal from acceleration sensors is recorded to a PC through an interface (Kyowa PCD-300A). Sampling rate is 0.01 s/points.
Acceleration Response Waveforms
Acceleration response waveforms recorded on the upper plate of the small base isolation system are shown in Fig. 5 . Although reduction behaviors are different between other cases except Case 1, the amplitude of acceleration response waveforms are decreased, compared with the input waveforms.
Peak amplitude and RMS (root mean square) amplitude of the acceleration response waveforms are shown in Table 3 . Peak amplitudes of the acceleration response waveforms on the small base isolation system, except in Case 1, are decreased to about 10%-25% compared to the input waves. Also RMS are decreased to about 10%-40%. The best case estimated from results of peak amplitude and RMS is Case 4. In Case 1, amplitude of the acceleration response waveform until 20 s are smaller compared to the input wave. The wave with a period of 2 s is identified at 15 s, and amplification by resonance is generated.
Fourier Spectra
Fourier spectra of acceleration response waves recorded on the small base isolation system are shown in Fig. 6 . Comparing the Fourier spectrum of the input wave, the Fourier spectrum in Case 4 is clearly reduced over 1 Hz, while it starts to reduce from 2-3 Hz in other cases.
Natural Period and Damping Ratio
Fitting a theoretical transfer function for the spectral ratio that divided the Fourier spectrum of the input wave into the Fourier spectrum of response on this system by a forwarding model, then the natural period and the damping ratio that are very important factors to control this system are evaluated. In this case, a model of single degree of freedom system with spring and damper is used. And the damping ratio in Case 1 that the friction coefficient is smallest in this experiment is calculated by logarithmic decrement.
An example of fitting the theoretical transfer function to the spectral ratio is shown in Fig. 7 , and estimated natural frequency and damping ratio are shown in Table 4 . In case of the marble plate, although the damping ratio increases with increasing curvature radius of the marble plate, also the natural frequency increases. So it is impossible to reduce the seismic response at the low band frequency. Increasing contact area between the marble plate and the spherical concaves plate, the stiffness between them increases. Therefore, the natural frequency also increases from a spring-mass system point of view. On the other hand, the damping ratio increases with increasing in width of the cylindrical sponge. However, the natural frequency does not change unlike a case of the marble plate. The stiffness of cylindrical sponge is smaller comparing materials between a cylindrical sponge and an acrylic. Therefore a stiffness variation of cylindrical sponge is very small with increasing width of the cylindrical sponge.
Case 3
Frequency (Hz) 
Numerical Analysis
Analysis Model of the Base Isolation System
For evaluation, the base isolation system is approximately modeled by linier single degree of freedom system with a spring and a damper (Fig. 8) .
The equation of motion is as followings:
where, ζ is damping ratio, ω n is natural angular frequency,
are displacement, velocity and acceleration of the base isolation system, and y y  , are displacement and velocity of an input motion. And natural frequency and damping ratio for this analysis are used the values shown in Table 4 evaluated in the Section 4.3. The calculation is done in frequency domain.
Comparison the Waveforms between Excitation Experiment and Numerical Analysis
An example of comparison between them is shown in Fig. 9 , and peak acceleration amplitude and RMS are shown in Tables 5 and 6 . Peak acceleration amplitude on numerical analysis is bigger than that on excitation experiment, and the difference between them is up to 30%. The waveform on numerical analysis indicates some big spikes consisting of long period. On the other hand, the waveform on excitation experiment does not show some spikes but rectangular wave. Velocity at peak amplitude in acceleration is equal to zero. Since the friction force that is generated between the spherical concaves plate and the marble plate or the sponge changes from kinetic friction force to static friction force, the sliding between them stops while the force generated by vibration is under the maximum static friction force. So the waveform on excitation experiment shows rectangular wave, and peak amplitude on excitation experiment is lower than that on numerical analysis. This is a nonlinier phenomenon of friction force. Except for the spike parts on numerical analysis, the shape of waveform is exactly similar to that on excitation experiment.
Conclusions
To investigate dynamic characteristics of the small base isolation system using new friction bearings, excitation experiments were done, and dynamic characteristics between the new friction bearings and the previous bearings are compared. As a result:
(1) Since stiffness of a cylindrical sponge is small, the friction bearing with the ball embedded the cylindrical sponge, as a new bearing, is easy to control the damping ratio without change of the natural frequency;
(2) From the results of peak amplitude and RMS by experiments, the base isolation system using new friction bearings indicates better performance compared to this using previous friction bearings; ( 3) The shape of waveforms except for the spike parts on numerical analysis is similar to that on excitation experiment; (4) All waveforms on excitation experiments include nonlinier effects by friction force.
